Primary and secondary antibody responses in blood of teleost fish are mainly IgM mediated, as they lack an IgG homolog and a class switch mechanism. Thus, the major serum immunoglobulin is tetrameric IgM. A unique antibody class in teleosts; named IgT, appears to be specialized for mucosal immunity and is present in low concentrations in serum. A third class; IgD was recently detected in serum of rainbow trout, but is less abundant than IgT. In the present study, relative quantification of total IgM showed that Atlantic salmon (Salmo salar) which had received an oiladjuvanted commercial vaccine maintained about 2-fold higher levels of IgM; 14 and 17 months after 
INTRODUCTION
The major form of serum immunoglobulin in teleost fish is IgM, whereas two other classes of antibodies; IgT and IgD, are present in relatively low quantities [1] . The IgT isotype, which is unique for teleosts, appears to be specialized to mucosal immune responses. The plasma concentration of IgT was estimated to be 1000 fold lower than IgM in naïve fish [2] .Transcripts encoding membrane bound IgD seem to be dominant in most teleosts, but recently it was shown that alternative mRNA usage generates a secreted form of IgD in rainbow trout [3] . In catfish, a separate gene encodes secretory IgD, but this is not typical for teleost fish [4] . Teleosts constitute a heterogenous group of vertebrates with several examples of unique Ig structures, gene duplications and splicing variants [1, [5] [6] [7] [8] . In contrast to higher vertebrates, the expression of Ig isotypes in teleost fish is not regulated by a class switch mechanism.
The IgM concentration in fish varies to a large extent: from species to species, between males and females, by age, and from one individual to another [9, 10] . Furthermore, there are reproduction related immunoglobulin changes, and seasonal changes presumably related to water temperature. The IgM serum concentration in a series of examined fish species listed in [9] ranged from 0.63 to 17.2 mg/ml, and the proportion of Ig protein in the sera varied from 2% to 47%. Atlantic salmon (Salmo salar) are among teleost fish with a relatively low serum IgM concentration (~0.8 -1.3 mg/ml serum), constituting about 2% of the total serum protein [11, 12] . In comparison, Atlantic cod has a high IgM concentration (~5.6 -11.5 mg/ml), constituting up to 50% of the total serum protein [12] .
Typical serum concentrations in human are, for IgM: 1.5 mg/ml, IgG: 13.5 mg/ml, and IgA: 3.5 mg/ml. Serum immunoglobulin levels (of IgM, IgG and IgA) are higher in adults than in children, and IgM levels are higher in females than males. IgG and IgA continue to increase throughout adult life [13, 14] . In general, variations among humans are small compared to those in fish.
It has been suggested that post translational diversity of IgM in teleosts might compensate to some degree for the absence of for example IgG during secondary immune responses. In rainbow trout (Onchorhynchus mykiss) high affinity IgM antibodies (i.e. tetramers) have a higher degree of disulfide polymerization and a longer half life time [15, 16] .
As a result of a tetraploid event in the ancestor of the salmonid fish family there are two paralogous Ig heavy chain gene complexes (or remnants) in the genome of several species belonging to Salmonidae [17] [18] [19] [20] [21] [22] [23] . IgM heavy chain sub-variants have been characterized in Atlantic salmon, brown trout (Salmo trutta) and arctic char (Salvelinus alpinus). In members of the genus Salmo (i.e. Atlantic salmon and brown trout) an additional cysteine residue has been introduced in the C-terminus of the IgM-B heavy chain [20, 23] . In agreement with this, the IgM-B tetramers hold a higher degree of disulfide bonding than the accompanying sub-variant IgM-A [23] . Thus, Atlantic salmon and brown trout may be promising models to study functional aspects related to IgM heterogeneity since IgM-A and IgM-B have distinct features and can be distinguished by use of the monoclonal antibody MAb4C10 [24] . The objective of the present study was 1) to quantify the relative abundance of transcripts encoding the heavy chains of IgM (m), IgT (t) and IgD (d) in spleen; and 2) to reveal possible effects of vaccination on serum IgM, i.e. changes in total IgM concentration and the proportion of IgM-A and IgM-B antibodies. To estimate the relative abundance of the highly similar mA and mB mRNAs different approaches were attempted and evaluated. Both diploid and triploid fish were included in the study to reveal possible ploidy effects on Ig expression.
MATERIAL AND METHODS

Fish
Atlantic salmon were provided by The Industrial and Aquatic Laboratory (ILAB) at the High Technology Center in Bergen for initial analyses of Ig gene expression. Subsequently, sampling of unvaccinated and vaccinated Atlantic salmon (diploid and triploid fish) was performed at Matre research station (Institute of Marine Research). Hatching of these fish started on 05.02.2010 and was completed by 18.02.2010. Intra-peritoneal vaccination was performed 25.11.2010. In total the experiment included 3120 fish and represents the source for several studies. More detailed information on the fish can be found in [25, 26] . Our samplings were performed on 19.01.2012 and 30.04.2012, respectively. During sampling the fish were treated in accordance with the regulations for euthanasia of fish in aquaculture issued by the Norwegian Directorate of Fisheries. The fish were pittagged and the status of each individual (diploid versus triploid, and vaccinated versus unvaccinated) were recorded before killing. During the first sampling (n = 20) 5 diploids and 5 triploids were selected from unvaccinated and vaccinated fish, respectively. The weight of the fish was from 1945 g to 4850 g and the length was from 53 cm to 71 cm. Gender was not recorded during the first sampling. During the second sampling (n = 24) 6 diploids and 6 triploids were selected from unvaccinated and vaccinated fish, respectively. The weight of the fish varied from 2830 g to 6535 g and the length from 60 cm to 76 cm. Among the unvaccinated fish there were 5 females and 7 males. Among the vaccinated fish there were 7 females and 5 males.
Isolation of RNA and Synthesis of cDNA
RNA was isolated by use of Trizol Reagent (Life Technologies, USA). First strand cDNA was synthesized by use of MMLV reverse transcriptase (Promega, Madison, USA) and an oligo-dT primer.
Conventional and Real Time PCR
Reverse transcription quantitative PCR (RT-qPCR) was performed as described in [1] . Real time assays utilized in the present study are listed in Table 1 . Conventional PCR followed by restriction enzyme analysis was performed as described in [24] . Primers J.s (TTTGAC-TACTGGGGGAAAGG) and m3.anti (CCCATTGCTCCAGTCCTCAT) were used for amplification of m mRNA. 
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times with PBST after each step. The plate was blocked with 5% dry milk in PBS for 2 hours at room temperature. Thereafter the plate was incubated with polyclonal rabbit anti-salmon IgM (1:3000) or monoclonal mouse antitrout IgM (MAb4C10) antibodies (1:500) overnight at 4˚C. Horseradish peroxidase (HRP)-conjugated anti-rabbit (1:10,000) or anti-mouse (1:5000) respectively was applied for 2 hours at room temperature. For colorimetric measurement liquid substrate for HRP (Sigma-Aldrich Product No: T0440) 3,3',5,5'-tetramethylbenzidine (TMB) was applied to all the wells for 30 min in dark at room temperature. Then equal volume of TMB stop reagent (Sigma-Aldrich Catalog No: S5814) was added to all wells and the absorbance of the resulting yellow color was measured at 450 nm.
Purification of IgM
Blood was kept for 2 -15 hours at 4˚C before centrifugation. 1 -3 ml of serum (fresh or stored at −80˚C) was purified by gel filtration followed by anion-exchange chromatography as described previously [11, 24] .
RESULTS
Immunoglobulin Gene Expression in Unvaccinated and Vaccinated Fish
Atlantic salmon (unvaccinated and vaccinated, diploid and triploid fish) were sampled at two time points; 14 and 17 months after vaccination. At both samplings, the abundance of m transcripts was higher (>2 fold) in spleen of vaccinated fish compared to unvaccinated fish ( Table 2 ). The abundance of t transcripts was low (>5 CT values higher than m), and the d expression was too low to give reliable results (data not shown). The m gene expression was somewhat higher in males than in females (Table 3 ), but confirmation of this variation requires a more comprehensive study. Prior to the examination of samples from the vaccination experiment, a series of tissues from healthy fish were subjected to reverse transcription real time PCR to evaluate the relative abundance of mA and mB transcripts. The main conclusion of this analysis was that both sub-types are uniformly expressed in healthy fish, but minor deviations might have been ignored due to methodological limitations. Accordingly, differences in the A/B ratio of m transcripts in spleen of vaccinated versus unvaccinated fish could not detected by PCR/restriction analysis (see discussion).
Serum Immunoglobulin in Vaccinated Versus Unvaccinated Atlantic Salmon
In accordance with the reverse transcription real time PCR analysis, ELISA showed that total IgM in serum was higher (1.8 -1.9 fold) in vaccinated fish versus unvaccinated fish, utilizing the monoclonal antibody MAb4C10 ( Table 2) . Fold increase of IgM was estimated to be somewhat lower when a polyclonal antiserum was employed instead of Mab4C10. However, it is plausible to assume that this discrepancy was attributed to polyclonal antibody cross-reaction with other proteins in serum. Previous studies including samples from fish farms have shown that serum IgM concentration can vary considerably between groups [27] [28] [29] , but average fold increase is in agreement with the present measurements. Since MAb4C10 only detects IgM-A in Atlantic salmon the increase of total IgM might have been underestimated to some degree if IgM-B is generally more abundant in vaccinated fish. Correlation to ploidy status was not found in the present study. However, males and females were not uniformly distributed in diploid and triploid groups ( Table  3) , and males appeared to have a somewhat higher abundance of IgM transcripts than females. Thus, ploidy effects could have been overshadowed by other variables. Interestingly, gradient anion exchange chromatography of salmon IgM indicated that vaccination can lead to a skewed ratio of IgM-A/IgM-B (Figure 1). 
DISCUSSION
The present work supports previous studies showing that oil-adjuvanted commercial vaccines trigger a prolonged increase of total IgM in blood [27] [28] [29] . In our study, real time PCR showed that the abundance of m transcripts in spleen was higher in vaccinated fish versus unvaccinated, supporting the ELISA results. Gradient anion exchange chromatography profiles obtained from fish used in this study (and IgM purifications conducted in our laboratory during many years) indicate that the IgM-A/IgM-B ratio can be skewed in vaccinated fish. In accordance with typical serum IgM profiles, the mA/mB mRNA ratio was previously estimated to be approximately 40/60 in Atlantic salmon [20] . In agreement with this, a recent study based on immunostaining and flow cytometry reported 40/60, 36/64 and 29/71 ratios of IgM-A/IgM-B expressing cells in peripheral blood, spleen and head kidney leukocytes of Atlantic salmon [30] .
Exact ratios of mA and mB transcripts could not be obtained by the present PCR approaches. Since mA and mB mRNAs are highly similar it is difficult to design real time PCR assays that distinguish 100% between the variants. The choice of amplicon becomes more restricted because nucleotides that are different in mA and mB are not uniformly distributed. Reducing the region from where primers/probes can be selected may result in less optimal PCR, and in the next hand to difficulties in the interpretation of the results. The m3 assays in this study were designed from the most diverged (coding) region of mA and mB, covering 5 different nucleotides. By use of plasmid clones it was shown that both assays cross-react with the accompanying sub-variant to some degree although standard conditions and recommended melting temperatures for probes and primers were utilized. It may be possible to develop more precise qPCR tools to distinguish between sub-variants, but the precision and appropriateness of real time PCR can be questioned. We decided to switch to a RT-PCR/restriction enzyme based approach to reveal possible differences in the proportion of mA and mB mRNA [20, 24] , but could not obtain the required resolution with this method either (results not shown). Application of high throughput sequencing will allow more detailed quantification of the different Ig transcripts in future studies, as recently reported from rainbow trout [31] .
Based on the present knowledge it is plausible to assume that expression of the paralogous Ig heavy chain loci in Atlantic salmon are subjected to a random selection process equivalent to allotypic exclusion in mammals. Presumably, this process occurs in the head kidney and results in a mixed population of IgM-A and IgM-B expressing lymphocytes with a broad spectrum of specificities contributed from both gene complexes [18] [19] 22] . The typical ratio of mA/mB transcripts might reflect the number of successfully recombined variable genes from each locus and/or distinct features associated with the constant region. A skewed IgM-A/IgM-B ratio in serum of vaccinated fish, as illustrated in Figure 1 could indicate that there has been a clonal expansion of cells expressing a favorable fraction of the IgM-B subpopulation and/or that the expanded IgM-B population is more robust with a longer half life time, resulting in a dominance of these antibodies. Notably, the IgM-B tetramer in Atlantic salmon exhibits a higher degree of inter-chain disulfide bonding than IgM-A [23] . In rainbow trout it has been shown that the fraction of fully cross-linked IgM tetramers increases during the antibody response against the pathogen Streptococcus iniae, as well as other defined antigens [15, 16] .
As described in Materials and Methods, fish analyzed in the present study were part of a large trial setup, including both diploid and triploid fish. Triploid salmon are commercially produced in several countries, but very few studies have been done on the immune system of these fish [32] . Triploid fish are expected to have fewer and larger immune cells compared to diploids. Thus, at the outset of this study, we thought that including fish with an extra set of chromosomes could possibly reveal relevant information regarding the ratio of IgM-A/IgM-B, e.g. that triploid fish could show a more pronounced skewed IgM-A/IgM-B ratio after prolonged triggering of the immune system. However, as mentioned in the Results section a more comprehensive study is needed to study possible impact of ploidy on Ig expression in Atlantic salmon.
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